Background: Within the framework of close-to-nature forestry, oak forest (Quercus robur, Q. petraea) regeneration techniques that consider both silvicultural and nature conservation demands have become a very important issue. While there are many experimental and local studies that aim at disentangling the relationships between different environmental and silvicultural factors and the success of oak regeneration, systematic supra-regional studies at the greater landscape level are missing so far. Against this background, the first objective (a) of this study was to present an efficient and sufficiently accurate sampling scheme for supra-regional forest regrowth inventories, which we applied to young oaks stands. The second, and major, objective (b) was to identify the crucial success factors for high-quality oak forest regeneration in northwest Germany. Results: Objective (a): Factors that have been identified as potentially crucial for the success or failure of oak regeneration were either included in a field inventory procedure or extracted from forest inventory databases. We found that the collected data were suitable to be analyzed in a three-step success model, which was aimed at identifying the crucial success factors for high-quality oak forest regeneration. Objective (b): Our modeling procedure, which included a Bayesian estimation approach with spike-and-slab priors, revealed that competitive pressure from the secondary tree species was the most decisive success factor; no competition, or low competition by secondary tree species appeared to be particularly beneficial for the success of high-quality oak regeneration. Also fencing and the absence of competitive vegetation (weeds, grass, bracken) seemed to be beneficial factors for the success of oak regeneration. Conclusions: Trusting in biological automation was found to be mostly useless regarding economically viable oak forest regeneration. To efficiently organize oak regeneration planning and silvicultural decision-making within a forest enterprise, it is strongly recommended to initially evaluate the annual financial and personnel capacities for carrying out young growth tending or pre-commercial thinning and only then to decide on the extent of regenerated oak stands. Careful and adaptive regeneration planning is also indispensable to secure the long-term ecological continuity in oak forests. Oak regeneration should therefore preferably take place within the close vicinity of old oak stands or directly in them. The retention of habitat trees is urgently advised.
Background
Oak forests in Central Europe with pedunculate oak (Quercus robur) and sessile oak (Q. petraea) are highly valued by forestry and nature conservation, since they frequently provide both high quality timber and a rich and typical biodiversity (Lüpke 1998; Brändle and Brandl 2001; Löf et al. 2016; Leuschner and Ellenberg 2017; Mölder et al. 2019) . Within the framework of close-tonature forestry (Pommerening and Murphy 2004; Brang et al. 2014) , oak forest regeneration techniques that consider both silvicultural and nature conservation demands have become a very important issue. Not only the appropriate size of canopy openings, but also the suitability and implementation of natural regeneration, planting or seeding have been discussed intensively (Lüpke 1998; Dobrowolska 2008; Saha et al. 2012; Annighöfer et al. 2015; Skiadaresis et al. 2016; Collet et al. 2017; Dillen et al. 2017) . We contribute to this line of research by analyzing data from large-scale field inventories and aim to identify the crucial factors for successful oak regeneration.
Since the emergence of modern or scientific forestry in the mid-eighteenth century (Hölzl 2010) , foresters have been searching for effective and cost-efficient methods to regenerate oak forests (Jacobi 1761; Sierstorpff 1796; Fuchs 1824; Burckhardt 1870; Manteuffel 1874; Krahl-Urban 1959) . In this regard, the timeconsuming reduction of weed competition (Jacobi 1761; Humphrey and Swaine 1997; Collet et al. 1998 ) and the prevention of rodent and deer browsing damage are recurrent themes in forestry literature (Jacobi 1761; Ratzeburg 1860; Birkedal et al. 2009; Jensen et al. 2012 ). In particular, strong competition by the shade-tolerant European beech (Fagus sylvatica) has been identified early as problematic for young oak trees, which are more light-demanding (Kunkel 1830; Brumhard 1843; Gayer 1884; Otto et al. 2009; Ligot et al. 2013) . In this context, the appropriate size and shape of canopy openings has also been intensively discussed since the nineteenth century (Gayer 1884 (Gayer , 1886 Lüpke 1998; Diaci et al. 2008; Březina and Dobrovolný 2011) . Competition by early successional broadleaved tree species like birches (Betula spp.) and willows (Salix spp.) has also long been known to be a crucial factor influencing the growth of young oaks (Anonymus 1869; Burckhardt 1870; Ammer and Dingel 1997; Wagner and Röker 2000) .
While there are many current experimental and local studies that aim at disentangling the relationships between different environmental and silvicultural factors and the success of oak regeneration (Löf et al. 2006; Ostrogović et al. 2010; Březina and Dobrovolný 2011; Ligot et al. 2013; Annighöfer et al. 2015; Jensen and Löf 2017) , systematic supra-regional studies at the greater landscape level are missing so far. Against this background, we have designed and implemented a sampling scheme that is based on forest inventory data and field inventories within the whole area of northwest Germany. The selection of the study sites was statistically optimized to improve representativeness. Considering a high sample size in a large area, our approach aimed to both collect data in sufficient quality and to achieve an efficient work progress. We selected potentially relevant environmental and silvicultural factors that have been highlighted in the literature. The data were either recorded using a carefully developed field protocol or extracted from forest inventory databases.
The term "success" is not strictly defined when referring to oak regeneration. From the perspective of silviculture, successful oak regeneration should not deviate from defined stem densities, and competition pressure by surrounding vegetation should be optimized, so that stable and productive stands with high timber quality develop (Lüpke 1998; Petucco et al. 2013; Skrzyszewski and Pach 2015; Kamler et al. 2016) . From the nature conservation point of view, the survival of several young oaks that grow up to mature and structure-rich trees might be considered as success (Reif and Gärtner 2008; Petucco et al. 2013; Götmark and Kiffer 2014) . In this study, we follow the silvicultural perception of regeneration success and consider it necessary to conduct economically viable oak forestry within integrative multifunctional forest management schemes (Borrass et al. 2017 ). This also implies that a number of structurally suitable oak trees has to be retained as habitat trees (Bütler et al. 2013) .
Our objective, therefore, is twofold. First, we present an efficient and sufficiently accurate sampling scheme for supra-regional forest regrowth inventories, which we apply to young oaks stands. Secondly, we analyze the gathered data in a three-step success model, in order to identify the crucial success factors for high-quality oak forest regeneration. The results obtained should serve as an objective component in the silvicultural decisionmaking processes within the framework of close-tonature forestry.
Methods

Study area
The study was conducted in northwest Germany and covered the federal states Lower Saxony, Saxony-Anhalt, Hesse and Schleswig-Holstein (Fig. 1) . From the Pleistocene lowlands over river floodplains to the low mountain ranges, a variety of landscape types and site conditions were represented. There is a climatic gradient from oceanic conditions in the west to more continental regions in the east. Both woodland cover and composition vary considerably within the study area (Gauer and Aldinger 2005;  Table 1 ). In the lowlands, deciduous ancient woodland sites (incl. oak forests) with a forest cover continuity of at least 200 years are rare and scattered, but in the low mountain ranges these valuable habitats can be found more frequently (Glaser and Hauke 2004) . There are no woodlands completely unaffected by long-term human activity, and particularly the oak forests were shaped and maintained by centurylong multi-purpose management (Hesmer and Schroeder 1963; Zacharias 1996; Hase 1997 ). In present times, all of the four state forest enterprises considered in this study have implemented close-to-nature forestry in their forest management schemes. Their management targets follow the "German model" of integrative Fig. 1 The study area in northwest Germany. Sources of geodata: © GeoBasis-DE / BKG 2019, Gauer and Aldinger (2005) In each case, the smallest forest area unit (e.g., forest compartment) of the respective forest inventory was used as spatial reference. Since 1) the silvicultural separation of the two oak species is becoming increasingly questionable (Lüpke 1998), 2) both species often occur mixed together, and 3) forest inventory data does not always specify the species affiliation correctly, we did not separate between Q. robur and Q. petraea in our analyses.
Excluding scattered study sites
The total dataset of 4252 young oak stands was reduced to those young oak stands with at least 20 old (≥ 150 years) oak stands within a radius of 10 km. 
Grouping according to preceding land-use types
After extensive investigation on stand history, the young oak stands were separated into two groups, A and B, according to the preceding land-use types:
A: Oak stands succeeding oak stands (established by seeding, planting or natural regeneration); B: Oak stands not succeeding oak stands (e.g., conversion of conifer stands or afforestation of agricultural fields by planting or seeding).
Spatially optimal selection of study sites
Based on the two groups of young oak stands, the selection of study sites was carried out using the function "cover.design" in the R library "fields" (Nychka et al. 2016) , accounting for a spatially balanced distribution of the study sites. The sample size for each of the forestrich federal states Lower Saxony, Saxony-Anhalt and Hesse was set to 100 study sites, taking into account both good data reliability and practical resources, whereas merely 50 study sites were investigated in the forest-poor Schleswig-Holstein. The study site selection was done in two steps. First, the set number of type A sites was selected for Lower Saxony, Saxony-Anhalt and Hesse. This number included at least 50 type A sites in each federal state. Taking into account these fixed study sites in the further analysis, the second set of type B sites (difference between the number of type A sites and 100) was determined. For Schleswig-Holstein, the whole dataset contained only three type A sites, which were all selected.
Data collection and field measurements
For all 350 selected study sites (Fig. 1) , we extracted detailed stand data from the forest inventory databases. In 2016 (July-November) and 2017 (July-October), all study sites were visited by skilled forest engineers. A total of 295 study sites appeared to be suited for further inventory and analysis, while 65 study sites had to be excluded for different reasons: for example, planned afforestation with oak had not been realized yet or changed forest planning meant that tree species other than oak were destined to be the main tree species. The 295 suitable study sites were inventoried by the field experts according to a specially developed procedure.
Our sampling procedure was aimed at both collecting sufficient data and ensuring an efficient work progress with regard to the high sample size in a large area. Factors that have been regarded as crucial for the success or failure of oak regeneration (Table 2) were included in the inventory procedure or extracted from the forest inventory databases. The climate quotient Q (after Ellenberg) characterizes the natural competiveness of beech. Only where Q is above 30 is beech completely absent or grows poorly (Leuschner and Ellenberg 2017) . We calculated Q for each study site as a mean value for the time period 1981-2010, using data provided by the German National Meteorological Service (DWD):
where T July is the average July temperature (°C) and P year is the average yearly precipitation (mm) in the time period 1981-2010. In the field, factors such as fencing, site preparation or the tending of young growth were assessed with binary (yes/no) variables, while the mean percentage covers of the canopy layer, competitive vegetation (weeds, grass, shrubs, and bracken) and tree regeneration (per tree species) were visually estimated on the stand level at each study site. To calculate the initial numbers of planted oaks in artificially regenerated stands, the original planting schemes were evaluated. In particular, the field experts were requested to evaluate the regeneration success (yes/no) of each inventoried oak stand, including planned secondary tree species. This was done with reference to the forest development types described in the forest planning documents. A descriptive overview of the considered ecological and silvicultural factors and their characteristics with regard to the 295 study sites is given in Table 3 .
In order to gather data on the density and height of young oaks and secondary tree species, six-tree samples (following Prodan 1968; Ko et al. 1969) were taken on each study site. Three sampling plots per study site were placed in such a manner that they represented the oak regeneration conditions of the study site sufficiently (in the sense of "pars pro toto"). In order to get reliable results, the field experts were trained in this regard to achieve consistent positioning of the three sampling plots within stands of varying size. Every six-tree sample included the measurement (tree heights and distance of the 6th tree from the plot center) and was performed separately for three predefined groups of young trees: 1) Oaks (Quercus robur, Q. petraea) as the target tree species. 2) Tree species that were planned as secondary tree species (max. three different tree species), e.g. European beech (Fagus sylvatica), hornbeam (Carpinus betulus), sycamore maple (Acer pseudoplatanus), small-leaved lime (Tilia cordata). 3) All other secondary tree species, particularly spontaneously regenerated silver birch (Betula pendula), willows (Salix spp.), rowan (Sorbus aucuparia), the neophytic black cherry (Prunus serotina), and conifers, such as Norway spruce (Picea abies) and Scots pine (Pinus sylvestris).
With regard to groups 2 and 3, we considered tree individuals that were comparable in height and age classes to the oaks in group 1. Only living trees were measured. Data analysis in a three-step success model Six-tree samples and calculating competition intensity
With respect to 1) each six-tree sample per study site and 2) to the three predefined groups of young trees, the mean tree heights and the numbers of trees per ha (N where a 6 (m) is the distance between the plot center and the 6th tree. For each of the three six-tree samples per study site, we then calculated whether the oaks (group 1) were exposed to competitive pressure from the secondary tree species (groups 2 and 3) or not. By our definition, relevant competitive pressure existed when -the secondary tree species had a higher tree density (N•ha
) at a mean plant height that reached at least ¾ of the mean oak height (cf. Ammer and Dingel 1997; Otto et al. 2009 ), -or the secondary tree species reached -when they were taller than the oaks -a tree density (N•ha − 1 ) that matched at least 20% of the oak density (N•ha − 1 ) (cf. Ammer and Dingel 1997; Ligot et al. 2013 ).
In cases with relevant competitive pressure a "1" was assigned, in cases with no relevant competitive pressure a "0". By summing up the three competition numbers calculated from the three six-tree samples per study site, we determined a categorical total competition index for each study site that ranged from 0 to 3: 0: no competition. 1: low competition. 2: medium competition. 3: high competition.
Determining the success of oak regeneration
To determine the success of oak regeneration in each study site, we developed a theoretical model with the target values "successful" or "unsuccessful". For this purpose, parameters calculated from the six-tree samples (N•ha
, mean tree heights) were combined with forest inventory data (age of the young oaks) and field data (initial plant numbers). To be considered a successfully regenerated oak stand, the oak regrowth of a certain study site had to meet two conditions (Figs. 2 and 3 ): 1) A best-fit curve (conditional median) was fitted to the age-height correlation data of oak from all study sites. All data points (≙ study sites) above this curve indicated successfully regenerated oak stands (Fig. 2) . A separate test analysis of study sites with eutrophic, mesotrophic or oligotrophic nutrient status revealed no relevant differences between the best-fit curves of these three groups. 2) A linear best-fit curve was fitted to the age-density correlation data of oak from all study sites. All data points (≙ study sites) above this curve indicated successfully regenerated oak stands, when no initial plant numbers (N•ha
) were available (Fig. 3 , categories 1 and 2). If the initial plant number of a study site was available, a separate best-fit curve was determined for this site (Fig. 3, categories 3 Leibundgut 1978; Hochbichler and Krapfenbauer 1988; Noack 2013) . The choice of this minimum target plant number was very conservative and took into account that secondary tree species frequently occurred. If the oak plant number (N•ha − 1 ) in the study site under consideration exceeded the individual best-fit curve at the time of the field inventory, then this study site was considered to be successfully regenerated (Fig. 3, category 4) . We are aware that mixing input-weighted and input-unweighted density-age relations is a little inconsistent, but in this case we regard it as practicable and statistically tolerable.
Modeling the success factors of oak regeneration
We used a Generalized Structured Additive Regression (STAR) model -well-established frameworks of Generalized Linear Models (GLM) and Generalized Additive Models (GAM) are considered as special cases of STAR models -to relate the potential predictors (see Table 2 ) to the binary scaled outcome "success of oak regeneration". The STAR model class provides a maximally flexible framework for modeling of (possible) nonlinear effects of continuously scaled predictors, while also allowing for modeling effects of categorically scaled predictors.
Here, for study location index i = 1, …, 295, the success of the oak regeneration variable y i ∈ {0 : failed; 1 : successful} is Bernoulli distributed, y i ∼ B(p i ), with the conditional expectation:
which is the probability of having successful oak regeneration as an outcome, conditional on predictor values x 1i , …, x ki . Effects of covariates were included as regression coefficients β j ¼ ðβ j1 ; …; β jk j Þ ⊤ ; j ¼ 1; …; k , where each sub vector β j united regression coefficients of covariate x j . Non-linear effects were modeled via penalized spline estimation, contributing several coefficients per covariate (i.e. k j > 1), which were collected in covariate specific vectors x i; j ¼ ðx i; j;1 ; …; x i; j;k j Þ ⊤ , as a splines basis is constituted of several basis functions. Binary Fig. 2 Age-height correlation data of oak from 295 study sites. Green dots: positive rating, blue dots: negative rating covariates contributed only one coefficient, i.e. k j = 1. Products of covariate values and regression coefficients formed individual, i.e. study location index specific, linear predictor values:
where the relationship between p i and the linear predictor η i is provided by the logit link function:
For estimations of this model and the respective coefficients, we relied on a Bayesian estimation approach, with spike-and-slab priors provided by the R add-on package "spikeSlabGAM" (Scheipl et al. 2012 ) performing variable and model selection within the estimation process, thus providing valid inferences about the model constitution in such a scenario of uncertainty.
We use default priors (Scheipl 2011 ) and ran five independent chains with a length 10,000 samples from the full posterior, where the first 5000 samples were discarded (burn-in), and the remaining 5000 iterations were thinned by keeping only each fifth sample (Additional file 1).
For continuously scaled covariates, two model terms were constructed and included into the estimation algorithm by spikeSlabGAM as a result of non-linear effect decomposition into a linear part (denoted as lin) and the remaining non-linear deviation (denoted as sm) from the linear part. Model terms for categorically scaled covariates were denoted as fct.
Results of a spikeSlabGAM fit are best represented graphically by plotting marginal covariate effects. As summary numbers, Scheipl (2011) advocated relying on the percentage of sum of squares of the linear predictor Fig. 3 Age-density correlation data of oak from 295 study sites. To be considered a successfully regenerated oak stand, the oak regrowth of a certain study site had to meet predefined conditions. Green: positive rating, blue: negative rating. The color of the crosses refers to the rating in (term importance π, can be seen as each model term's share of the amount of variability of y explained by the model) and marginal term-wise posterior inclusion probabilities Pr (term k in).
Analysis of collinearity
It appeared not to be directly clear, however, if and how strong our sample deviated from a balanced data setcomparable to controllable experimental conditions. Thus, correlations between the influencing variables used in our modeling might occur, which make the estimated marginal effect correlations more difficult to interpret. This is referred to as the problem of (multi-) collinearity (Fahrmeir et al. 2013) . As the effect of the factor tree competition showed the strongest influence, the potential for making a too direct causal classification of the effect was greatest here. In an analysis of (multi-) collinearity, one usually uses the coefficient of determination R 2 of a linear regression -with the influencing quantity under suspicion as the response variable against all other influences as influence quantities -as basis for the Variance Inflation Factor (VIF). Since the factor tree competition was categorical, we could not follow this path completely, but by use of a regression model for an ordered categorical response (implemented in R add-on package "mgcv" (Wood 2011) as family "ocat") we came this goal at least one step closer (Additional file 1).
Results
Following our theoretical model approach to determine the success of oak regeneration, 56 out of 295 study sites (≙ 19%) could be referred to as successfully regenerated young oak stands. The regeneration success evaluation by the field experts, which was done with reference to the forest development types described in the forest planning documents, identified 163 out of 295 study sites (≙ 55%) as successfully regenerated (Table 4) .
When referring to the success factors of oak regeneration, Table 5 shows the importance and inclusion probabilities for all model terms, while Fig. 4 displays marginal coefficient effect plots only for the eight most decisive model terms, as selected by highest values in Table 5 .
Our modeling revealed that competitive pressure from the secondary tree species was clearly the most decisive success factor for oak regeneration: No competition or low competition by secondary tree species appeared to be particularly beneficial. With regard to the climate quotient, Q, factor values around 23 and 30 showed a connection with successful oak regeneration, while fencing and the absence of competitive vegetation (weeds, grass, bracken) also seemed to be beneficial. The coefficient effect plots of the remaining four decisive model terms did not allow for a meaningful interpretation of the factor values.
The subsequent (multi-) collinearity analysis of the factor tree competition revealed that, when we refer to stands with absent tree competition, these stands showed a tendency to be regenerated by planting. Furthermore, these stands tended to be characterized by young growth tending, low shrub competition, fencing, absent deer browsing, site preparation, smaller stand sizes, eutrophic soils, and by a location in the lowlands. The occurrence of competitive vegetation (weeds, grass, bracken) also tended to be an attribute of these stands (Figs. 5 and 6, Additional file 1).
Discussion
Methodological aspects
In order to effectively gather data on the density and height of young oaks and secondary tree species, six-tree samples, as a particular case of k-tree sampling (following Prodan 1968; Ko et al. 1969) , were taken in the studied stands. In contrast to point sampling (Bitterlich sampling) or sampling with fixed-area plots, the number of included trees per unit is fixed in k-tree sampling (Kramer and Akça 2008). The substantial benefit of this method lies in the reduced field work effort and, hence, in the control of inventory costs. This applies in particular for assessing tree regeneration in cases when high stem densities are quite usual or measurement conditions turn out to be difficult, e.g. due to blackberry thickets.
Because of these practical advantages, k-tree sampling has been frequently applied in forest resource assessment (e.g., Sheil et al. 2003; Picard et al. 2005) , but, on the other hand, it is not uncontested from the statistical point of view (e.g., Mandallaz 1995; Kleinn and Vilčko 2006) . If the distance to the k-th tree is taken as the radius of the plot circle, the smallest possible circular area is defined where exactly k trees occur. The crucial point now is that larger plots, with a radius marginally smaller than the distance of the kth + 1 tree, would also contain k trees, resulting in lower density estimates (e.g., tree number). Furthermore, the omission of 'empty' plots in k-tree-sampling is problematic if the spatial tree distribution is not random but follows a clustered point pattern. Density estimators are then expected to be critically biased due to ignoring gaps (where density is zero). In the present study, however, this point is not critical because sampling locations for estimating regeneration density were not randomly distributed throughout the stands but were placed within the regeneration patches, in order to study competition patterns. Although there are several approaches to overcome the aforementioned methodological shortcomings of k-tree sampling (e.g., Kleinn and Vilčko 2006; Staupendahl 2008; Nothdurft et al. 2010) , these solutions require both intensive and costly additional inventory effort and rather complex subsequent computations. For these reasons, we used the standard evaluation methods proposed by Prodan (1968) and accepted the potential inherent bias of k-tree sampling, which has been shown to be within a tolerable order of magnitude in some studies (Lessard et al. 1994; Staupendahl 2008) .
In addition to the ecological and silvicultural factors that were surveyed in the sampling procedure of the present study, future applications of the presented approach could be advanced by considering the factors "costs" and "tree quality". With regard to the factor "tree quality", the categorical assessment of stem curvature (crookedness) could be easily carried out when measuring the oaks that are included in the six-tree samples (cf. Skrzyszewski and Pach 2015) . The estimation of the costs arising up to the first 20 years of stand development, however, would require extensive investigations of accounting records.
Silvicultural aspects
According to our theoretical model, 19% of the investigated study sites can be regarded as successfully regenerated young oak stands. We are aware that this proportion might appear surprisingly low for many forestry practitioners. However, due to the predefined conditions for the determination of successful study sites we made sure that the success factors of oak regeneration were modeled using solid reference data. When comparing the calculated success of oak regeneration with the regeneration success evaluated by expert opinion in the field, the latter amounted to 55%. The difference of 36% can be explained by the fact that the field experts were requested to evaluate the regeneration success of the whole study site including planned secondary tree species. This was done with reference to the forest development types described in the forest planning documents. However, a success rate of 55% may also be regarded as low considering the high investment in the establishment of oak cultures.
The modeled success factors for oak regeneration provide important information with regard to the goal of making recommendations for measures that increase the success rate of oak forest regeneration. First of all, the results show that competition by secondary tree species is the most crucial factor, with no or low competition pressure being beneficial for the success of oak regeneration. This does not mean, however, that secondary tree species, particularly the early successional birches (Betula spp.) and willows (Salix spp.), are undesirable or not helpful for oak quality development. But thorough, mechanical young growth tending and pre-commercial thinning appear to be urgently necessary to regulate competition by these secondary tree species (Ammer and Dingel 1997) . Our results also highlight the necessity to regulate competition by weeds, grass, and bracken by ecologically compatible measures and to install fences or intensify hunting to avoid deer browsing. We are aware that these insights have been expressed frequently since the beginnings of modern forestry (Fuchs 1824; Burckhardt 1870; Humphrey and Swaine 1997;  et al. 2015) . Owing to economic constraints, the necessary silvicultural measures are, however, usually neglected. With regard to the Ellenberg climate quotient Q, we found a positive connection between factor values around 23 and 31 and successful oak regeneration. This correlation cannot be clearly explained and seems to be intercorrelated with other influence factors. The positive effect of Q values larger than 30, however, can be attributed to poorer growth of the strong competitor species beech in the respective regions (Ligot et al. 2013; Leuschner and Ellenberg 2017) . The closer analysis of the strong influencing factor tree competition revealed that this variable can be also regarded as an "umbrella factor". This means that several silvicultural and environmental factors are reflected in low and beneficial levels of tree competition. The silvicultural factors that appeared to be crucial in this regard, in particular young growth tending and fencing, have been discussed above and can be steered by careful silviculture. For site preparation, careful site management with minimal soil disturbance was advised within the framework of close-to-nature forestry. This is particularly true for ancient woodland sites with century-long soil genesis and occurrences of specialized animal and plant species (Schmidt et al. 2014; Winter et al. 2015; Magura et al. 2015) . The finding that the occurrence of competitive vegetation (weeds, grass, bracken) tended to be an attribute of stands where tree competition is absent can be related to increased growing space in the understory of these stands.
Leonardsson
While young growth tending and pre-commercial thinning of regenerated oak stands clearly need more attention and implementation in practical forestry, forestry research has already addressed this topic in various studies and intense discussions. Views regarding the appropriate silvicultural treatment concepts for young oak stands differ widely however, and vary considerably even from region to region. The proposed treatments range from cautious (pre-commercial) thinning without an early, or at least permanent, selection of favored trees, to an early positive tree selection with subsequent strong promotion of a limited number of future crop trees (Hochbichler and Krapfenbauer 1988; Mosandl et al. 1991; Fleder 1994; Spellmann 2001; Dong et al. 2007; Spiecker 2007; Beinhofer 2010) . Thus, an enhanced information exchange and discussion between practical forestry and forestry research appears to be urgently necessary. There may be, however, a publication bias towards studies that report successfully regenerated oak stands, whereas failed cases are possibly neglected (cf. Darker colored areas show the 10% and 90% quantiles of the posterior distribution (corresponding to an 80% credible interval), lighter colored areas the 2.5% and 97.5% quantiles (corresponding to a 95% credible interval). The ticks on the x-axis mark the distribution of the data points over the data range Crouzeilles et al. 2016) . The same may be true for oral reports from forestry practitioners when they discuss with their colleagues.
Considering the regeneration methods, (row) planting was by far (87%) the most commonly used technique within our set of study sites. Natural regeneration, which is frequently recommended within the framework of close-to-nature forestry, played only a minor role (11%), as did acorn seeding (2%). However, natural regeneration and seeding of oaks is more commonly applied in southern and southwest Germany, where these techniques have a long tradition (Fleder 1994; Lüpke 2007; Mölder et al. 2017) . In Scots pine forests, "seeding" of acorns by Eurasian jays (Garrulus glandarius) can provide options for oak regeneration, but, following a study conducted by Stähr (2008) , the resulting oak stem qualities are low. Kohler et al. (2015) , who conducted a review on the natural regeneration of sessile oak, pointed out the general feasibility of this technique but, due to several identified knowledge gaps, the authors regarded it as impossible to give general management recommendations. They advocated not to replace locally successful silvicultural methods by alternative techniques with uncertain outcome. With regard to planting schemes that minimize interspecific competition, the spatial separation of oak and admixed competitive shade-tolerant tree species (beech, hornbeam) of the same age might to be useful, especially when considering the effort required in young growth tending. However, these tree species can also act as trainer trees that improve oak quality. As Saha et al. (2012) highlighted, this is particularly true for oak group planting, a possible alternative to oak row planting. Lüpke (1998) stated that oaks should have a considerable age advantage over beeches and that the beeches should never originate from advanced regeneration.
When considering oak regeneration planning and silvicultural decision-making within a forest enterprise, we strongly recommend to initially evaluate the annual financial and personnel capacities for carrying out young growth tending or pre-commercial thinning and only then to decide on the extent of new oak cultures. Otherwise, there is a high risk of failed investments in initial oak regeneration. The limited availability of oak seedlings for planting can also be a strong reason for careful regeneration planning. For example, after severe storms Fig. 5 Results of the (multi-) collinearity analysis of the factor "tree competition", attribute "regeneration method". See also Additional file 1 for further diagrams and subsequent bark beetle attacks a great shortage of oak seedlings from tree nurseries is to be expected, due to a heavy demand for plants for reforestation. The limited available plants should be used in a very thoughtful manner.
Careful and adaptive regeneration planning is also indispensable for the long-term maintenance of ecological continuity (Moore and Conroy 2006) . Ecological continuity has been shown to be particularly important in oak forest ecosystems (Eliasson and Nilsson 2002; Bußler and Loy 2004; Pilskog et al. 2018; Mölder et al. 2019) . Many saproxylic oak specialist species with low dispersal abilities are dependent on the permanent availability of dead wood and mature tree structures (Drobyshev et al. 2008; Vodka et al. 2009; Milberg et al. 2016) . Therefore, in order to maintain "sustainability units" of ecological continuity in ancient woodlands, oak forest regeneration measures ought to take place either in close vicinity to old oak stands or directly in these stands (Mölder et al. 2019) . Methods of spatial forest planning (Baskent and Keles 2005) and systematic conservation planning (Moilanen et al. 2009 ) can provide important tools to identify priority sites for oak forest regeneration. In this regard, forest planning goals that consider the consequences of climate change have also to be implicated (Schelhaas et al. 2015; Böckmann et al. 2019) , as do requirements resulting from the European Habitats Directive (Natura 2000; ML and MU 2018) .
In times of widespread close-to-nature-forestry, the retention of oak habitat trees is commonly implemented in silvicultural programs (Borrass et al. 2017; Mölder et al. 2019 ). When considering current habitat tree density, Bütler et al. (2013) recommended to maintain a level of at least 5 to 10 trees per hectare and to combine dispersed and aggregated retention ("variable retention") to minimize wind damage. In order to safeguard both ecological continuity and economic demands, it is also important to secure a sufficient number of young oak trees. In accordance with Leibundgut (1978) , we recommend at least 2000 oaks per hectare at a stand age of 20 years. Already Wilbrand (1893) , who called for the protection of old oaks for aesthetic reasons, highlighted the importance of a high number of younger oaks to ensure a small number of ancient trees in the future. Model analyses conducted by Drobyshev et al. (2008) indicated that under current oak mortality rates the long-term Fig. 6 Results of the (multi-) collinearity analysis of the factor "tree competition", attribute "young growth tending". See also Additional file 1 for further diagrams maintenance of 20 trees older than 200 years per hectare would theoretically require an input rate of 1 to 5 trees per year and hectare into the 100-150 years age class.
Conclusions
We developed an efficient and sufficiently accurate sampling scheme for supra-regional forest regrowth inventories and applied it to young oak stands. The collected data were analyzed in a three-step success model aimed at identifying the crucial success factors for high-quality oak forest regeneration. Our modeling revealed that competitive pressure from the secondary tree species was clearly the most decisive success factor: No competition or low competition by secondary tree species appeared to be particularly beneficial for the success of oak regeneration. Fencing and the absence of competitive vegetation (weeds, grass, bracken) also seemed to be beneficial factors. Therefore, trusting in biological automation was found to be mostly useless with regard to oak forest regeneration. To efficiently organize oak regeneration planning and silvicultural decision-making within a forest enterprise, it is strongly recommended to initially evaluate the annual financial and personnel capacities for carrying out young growth tending or precommercial thinning and only then to decide on the extent of new oak cultures. To secure the long-term ecological continuity in oak forests, oak regeneration should preferably take place within the close vicinity of old oak stands or directly in them. The retention of habitat trees is urgently advised.
Additional file
Additional file 1. Utilized estimation calls and results of the (multi-) collinearity analysis of the factor "tree competition". 
